The NEW ENGLAND JOURNAL of MEDICINE

Figure 2. RénaI-Biopsy Specimens Showing Representa-
tive Lesions at the Onset of Lupus Nephritis.

Renal-biopsy specimens show increased mesangial ma-
trix (Panel A, periodic acid-Schiff staining), capillary-wall
thickness and bubble appearance (Panel B, periodic acid—
methenamine silver staining), and global granular im-
mune deposits (Panel C, immunofluorescence staining).
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ACTH (li.e., corticotropin) Is the principal regulator of the hypo-
thalamus—pituitary-adrenal axis and stimulates steroldogenesis in
the adrenal gland via the specific cell-surface melanocortin 2
receptor (MC2R). Here, we generated mice with an inactivation
mutation of the MC2R gene to elucidate the roles of MQ2R In
adrenal development, steroldogenesis, and carbohydrate metab-
olism. These mice, the last of the knockout (KO) mice to be
generated for melanocortin family receptors, provide the oppor-
tunity to compare the phenotype of proopiomelanocortin KO mice
with that of MC1R-MC5R KO mice. We found that the MC2R KO
mutation led to neonatal lethality in three-quarters of the mice,
possibly as a result of hypoglycemia. Those surviving to adulthood
exhibited macroscopically detectable adrenal glands with mark-
edly atrophled zona fasciculata, whereas the zona glomerulosa
and the medulla remained falrly intact. Mutations of MC2R have
been reported to be responsible for 25% of familial glucocorticold
deficlency (FGD) cases. Adult MC2R KO mice resembled FGD pa-
tients in several aspects, such as undetectable levels of corticoste-
rone despite high levels of ACTH, unresponsiveness to ACTH, and
hypoglycemia after prolonged (36 h) fasting. However, MC2R KO
mice differ from patients with MC2R-null mutations in several
aspects, such as low aldosterone levels and unaltered body length.
These results Indicate that MC2R is required for postnatal adrenal
development and adrenal steroldogenesis and that MC2R KO mice
provide a useful animal model by which to study FGD.

adrenocorticotroplc hormone (ACTH) | famlilial glucocorticoid deficiency
(FGD) | hypothalamus—pituitary-adrenal | zona fasciculata

he adrenal gland regulates a number of essential physiological

functions in adult organisms through the production of steroids
and catecholamines. Maintenance of adrenal structure and function
is regulated through the integration of extra- and intracellular
signals. The pituitary hormone ACTH (i.e., adrenocorticotropic
hormone), which is derived from the proopiomelanocortin
(POMC) polypeptide precursor, is the principal regulator that
stimulates adrenal glucocorticoid (GC) biosynthesis and secretion
via the membrane-bound specific receptor for ACTH, ACTH
receptor/melanocortin 2 receptor (MC2R) (1).

It was previously demonstrated that, although POMC knock-
out (KO) mice are born at the expected Mendelian frequency,
three-quarters of POMC KO mice undergo neonatal death.
Furthermore, those mice surviving to adulthood exhibit obesity,
pigmentation defects, and adrenal insufficiency (2-4). POMC
KO mice possess macroscopically detectable adrenal glands that

www.pnas.org/cgl/doi/10.1073/pnas.0706953104

lack normal architecture (2, 4, 5). These results demonstrate the
importance of POMC-derived peptides in regulating the hypo-
thalamus—pituitary-adrenal axis and adrenal development.

Familial glucocorticoid deficiency (FGD), or hereditary un-
responsiveness to ACTH [Online Mendelian Inheritance in Man
(OMIM) no. 202200; www.ncbi.nim.nih.gov/entrez/dispomim.c-
gi?id=202200], is an autosomal recessive disorder resulting from
resistance to the action of ACTH on the adrenal cortex. Affected
individuals are deficient in cortisol and, if untreated, are likely
to die as a result of hypoglycemia or overwhelming infection in
infancy or childhood (6). Mutations of MC2R are responsible for
25% of FGD cases. Mutations of the MC2R accessory protein
MRAP, which plays a role in the trafficking of MC2R from the
endoplasmic reticulum to the cell surface, account for 20% of
FGD cases (7), and a third locus responsible for FGD has been
suggested (8). There has been no animal model for FGD, and
MC2R KO mice are likely to become a valuable tool for the
pathophysiological investigation of FGD.

To study specifically the roles of MC2R in adrenal gland
development, steroidogenesis, and carbohydrate metabolism, we
generated mice with an inactivation mutation of the MC2R gene.
We demonstrated that disruption of MC2R leads to neonatal
lethality in approximately three-quarters of MC2R KO pups,
possibly as a result of hypoglycemia. Those surviving to adult-
hood exhibited macroscopically detectable adrenal glands with
markedly atrophied zona fasciculata (2F) and lack of detectable
levels of GC and reduced serum concentrations of aldosterone
and epinephrine. Those surviving to adulthood exhibited hypo-
glycemia after prolonged (36 h) fasting as a result of the reduced
expression of the genes involved in gluconeogenesis.
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Fig. 1. Neonatal hypoglycemia in MC2R KO mice. (A4) Blood glucose levels on
postnatal day 0.5 at 1200 hours. Detection Iimit was 20 mg/dl. Each point
indicates the glucose level of a single pup. The blood glucose level of 12 0f 14
homozygous pups was under detection level (<20 mg/dl). The values below
detection level were plotted at 10 mg/dl. (B) MC2R pups were killed at 1200
hours, and liver RNAs were prepared. The experiments were performed with
postnatal day 0.5 MC2R-/~ (n = 6) and MC2R*? (n = 9) mice. The expression
of phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-phosphatase
(G6Pase), and peroxisome proliferator-activated receptor a (PPARa) in the
liver was determined by qRT-PCR. Data are expressed as means = SEM.
Statistical significance was determined by t test. #, P < 0.05.

Results

Generation of MC2R KO Mice. To generate MC2R KO mice, a
targeting vector was constructed in which the portion of the
MC2R gene encoding the entire coding region (9) was replaced
with a neomycin-resistance gene cassette {supporting informa-
tion (SI) Fig. 74} One of 545 neomycin-resistant colonies
screened was positive as assessed by Southern analysis with an
external probe (Fig. 7B). Chimeric founder mice were produced
from the targeted ES cell clones, and germ-line transmission of
the disrupted allele was obtained. MC2R KO mice were back-
crossed to C57BL/6J mice for five generations before use in this
study. To confirm the deficiency of MC2R, expression of the
MC2R gene in the adrenal gland was examined by quantitative
real-time PCR (qRT-PCR). No mRNA was detected in
MC2R "/~ mice, and expression was decreased by approximately
half in MC2R*/~ mice (Fig. 7C).

Most of the MC2R KO Pups Died Shortly After Birth. Mice that were
homozygous null for MC2R were obtained by interbreeding het-
erozygous mice. Pups lacking MC2R were born at the expected
Mendelian ratio, suggesting that MC2R is not essential for embry-
onic development. Of 190 mice born from heterozygous MC2R KO
parents, 61 pups were dead before weaning at 4 wk of age.
Genotype analysis revealed that most of the 61 dead pups were
homozygous for the MC2R allele. Genotype analysis of 129 mice at
4 wk revealed 9 homozygote, 74 heterozygote, and 46 WT mice.
Approximately three-quarters of MC2R KO pups died before
weaning, mostly within 48 h after birth. Most of the mutant
newbomn mice were indistinguishable from their WT littermates;
some homozygous pups were pink and had milk in their stomachs,
whereas some homozygous pups were lethargic and pale.

We analyzed blood glucose levels on postnatal day 0.5 at 1200
hours. Three of 57 mice had already died at the time of analysis
(two were MC2R~/~ and one was MC2R*/~). MC2R~/~ pups
were significantly hypoglycemic compared with MC2R*/? pups
(Fig. 14). We found only one of 14 homozygous pups that
maintained normal blood glucose levels, comparable with those
in WT mice. It is possible that this pup could survive neonatal
death and grow to adulthood. Blood glucose levels for 12 of 14
homozygous pups were below detection level (<20 mg/dl).
Analysis of blood glucose levels on postnatal day 7 revealed that
MC2R~/~ pups maintained glucose levels comparable with those
of WT mice (data not shown). Expression of phosphoenolpyru-
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vate carboxykinase (PEPCK), a rate-limiting enzyme for glu-
coneogenesis in liver, was significantly decreased, and expression
of glucose-6-phosphatase (G6Pase) was relatively decreased in
MC2R KO pups compared with MC2R*/? pups (Fig. 1B). The
expression of peroxisome proliferator-activated receptor «
(PPARa) responsible for p-oxidation of free fatty acids was
significantly increased in MC2R KO pups (Fig. 1B). These
results suggest that MC2R KO mice die as a result of hypogly-
cemia with decreased gluconeogenesis in the liver and defective
neonatal nutritional adaptation. A slight increase in mortality
was observed at 3-4 wk of age, due to undetermined cause(s),
but no increase in mortality was observed after that period.

The body weights of 12-wk-old MC2R KO mice were indis-
tinguishable from those of their littermates: MC2R /-, 287 *
0.8g (n = 4); and MC2R*/*,28.8 = 0.6 g (n = 5). Whereas FGD
patients with MC2R mutations exhibited increased height and
POMCKO mice exhibited increased body length (10, 11), MC2R
KO mice did not exhibit any significant difference in body length
compared with that of their WT siblings: MC2R /-, 9.58 + 0.17
cm (n = 5); and MC2R*7, 9.74 + 0.07 cm (n = 10).

Adrenal Hypoplasia in MC2R KO Mice That Survived to Adulthood. In
MC2R KO mice, adrenal glands were considerably reduced in
size compared with those of their WT siblings: male MC2R~/-,
0.58 * 0.02 mg per pair of glands (n = 4); and MC2R*/+,2.24 =
0.18 mg per pair of glands (n = 5). The histological analysis
revealed marked hypoplasia of zF in the mutant adrenal gland
(Fig. 24). The number of nuclei per 50-um-wide column in the
cortical area, however, was not significantly changed: male
MC2R*/~, 138.2 + 13.3; and MC2R~/~, 147.7 = 19.8, P > 0.35;
and female MC2R+/~, 149.7 + 18; and MC2R /-, 143.8 = 20.7,
P > 0.61. These results indicate that the total number of nuclei
in the zF was similar in MC2R KO and WT mice. Higher-
magnification images revealed that, in the MC2R KO mice, the
nuclei in zF were more densely packed with reduced cytoplasmic
volume (Fig. 2B), suggesting that a decrease in cell size, but not
cell number, accounted for the hypoplasia of zZF. On the other
hand, the zona glomerulosa (zG) and the adrenal meduila (ME)
remained fairly intact as shown in the histological sections (Fig.
2B). To confirm this idea, we examined the expression pattems
of aldosterone synthase cytochrome P450 (P450aldo) and ty-
rosine hydroxylase (TH), markers for zG and ME, respectively.
Both of these markers were similarly expressed in WT and
MC2R KO mice (Fig. 2C), suggesting that the cells in 2G and ME
had differentiated into the appropriate cell types. We also
noticed that the thickness of capsule was increased in MC2R KO
mice (Fig. 2B, brackets).

Ultrastructural examination of zF cells in MC2R KO mice
revealed that the number of lipid droplets was significantly
decreased and mitochondrial appearance was inactive compared
with that of WT mice (Fig. 3 B and D). In contrast, zG cells in
MC2R KO mice contained lipid droplets comparable with those
in WT mice, and zG cells were not significantly different from
those of WT mice (Fig. 3 4 and C). Chromaffin cells in MC2R
KO mice exhibited a marked depletion in epinephrine-storing
secretory granules (data not shown), and highly vascularized
connective tissue was developed in MC2R KO adrenal ME (data
not shown). The H&E staining of the adrenal glands of newbomn
(postnatal day 0.5) MC2R KO mice was not significantly differ-
ent from that of WT siblings (data not shown), suggesting that
postnatal adrenal development was impaired in MC2R KO mice.

Adrenal Hormones in MC2R KO Mice. Serum corticosterone levels in
MC2R KO mice were undetectable (Fig. 44): male MC2R /-,
undetectable (n = 4); MC2R*/~, 72.0 + 8.9 ng/ml (n = 6); and
MC2R*/*,59.0 = 8.6 ng/ml (n = 5). ACTH levels were significantly
increased in MC2R KO mice (Fig. 4B): male MC2R /-, 1,394 + 89
pg/ml (n = 4); MC2R*/~, 370 + 50 pg/ml (n = 6); and MC2R*/*,
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Fig. 2. Histological analysis of the adrenal gland of MC2R KO mice. (A and
B) H&E staining of sections from the adrenal gland of WT or MC2R KO mice.
Ten-week-old male or 13-wk-old female WT and MC2R KO mice were ana-
lyzed. (8) Higher-magnification Images of zG, zF, and ME shown in A. The
white and black arrowheads Iin A Indicate the border between 2G/zF and
cortical zone/ME, respectively. The brackets in 8 indicate thickness of the
capsule, which was remarkably thicker in the mutant mice. () iImmunofluo-
rescent detection of aldosterone synthase cytochrome P450 (P450aldo)and TH
In the adrenal gland of WT and MC2R KO mice. Both enzymes were normally
expressed in the mutant mice. (Scale bars, 50 xm.)

281 * 106 pg/ml (n = 5). Surprisingly, serum aldosterone levels
were significantly decreased in MC2R KO mice (Fig. 4C): male
MC2R~/~, 104 + 25 pg/ml (n = 4); and MC2R*/*, 343 + 103 pg/ml
(n = 5). In this regard, the MC2R-deficient mouse model is
different from patients with MC2R-null mutations, in whom there
is no mineralocorticoid deficiency and the renin-angiotensin sys-
tem (RAS) is not affected (OMIM no. 202200). Consistent with the
reduced serum corticosterone in MC2R KO mice, thymus and
spleen weights were significantly increased and adipose weight was
significantly decreased compared with those of WT mice (data not
shown).

We analyzed the corticosterone response to exogenously
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Fig. 3. Electron micrographs of the adrenal gland from MC2R KO mice. (A

and Q) Electron micrographs of 2G of WT or MC2R KO mice. (Scale bars, 2 um.)
(B and D) Electron micrographs of zF of WT or MC2R KO mice, (Scale bars, 5
pm.) Note the remarkable decrease In lipids in zF In MC2R KO mice.

administered ACTH in MC2R KO mice. The responsiveness to
ACTH was completely abrogated in MC2R KO mice (Fig. 4E):
male MC2R~/~, ACTH, undetectable (n = 8); MC2R*/~, saline,
80.1 + 13.8 ng/ml (n = 11), and ACTH, 233.9 + 46.6 ng/m! (n =
11); and MC2R*/*, saline, 75.2 + 20.9ng/ml (n = 5),and ACTH,
186.9 = 37.6 ng/ml (n = 8). These results indicate that MC2R is
essential for corticosterone release in response to ACTH.

Because ACTH plays an essential role in regulating 118-
hydroxylase (Cypl1b1) expression, as well as other genes en-
coding enzymes involved in steroidogenesis (12), we analyzed the
expression of adrenal steroidogenic enzymes. Expression levels
of cholesterol side-chain cleavage enzyme P450scc (Cypllal)
(Fig. 54), Cyp2lal (Fig. 5B), and Cyplibl (Fig. 5C) were
significantly reduced in MC2R KO mice, reflecting the hypopla-
sia of zF. The expression of Cypl1b2:[aldosterone synthase
(P450aldo)]} was relatively reduced in adrenal glands from MC2R
KO mice (Fig. 5D). These results collectively indicate that the
reduction of corticosterone level (Fig. 44) is due to hypoplasia
of zF with reduced lipid droplets (Figs. 24 and 3C), together
with reduced levels of Cyp11b1 and rate-limiting Cyp11al (Fig.
54 and C).

To determine the physiological effect of reduced aldosterone
levels in MC2R KO mice, we measured serum electrolytes and
blood pressure at 12 wk of age. There were no differences in the
sodium concentrations of MC2R KO and WT mice, whereas
chloride levels increased significantly in male MC2R KO mice
and tended to increase in female MC2R KO mice (data not
shown). Female MC2R KO mice exhibited significantly in-
creased potassium levels (data not shown), whereas male MC2R
KO mice did not. Although no significant differences in blood
pressure were observed, the heart rate was significantly atten-
vated in MC2R KO mice (data not shown), consistent with
reduced epinephrine Jevels in MC2R KO mice (Fig. 4D). We
found that the expression of angiotensin receptor 1b (AT1bR)
was significantly increased in MC2R KO mice (Fig. 5E), sug-
gesting that renin-angiotensin system (RAS) signaling was en-
hanced in MC2R KO glomerulosa cells to compensate for the
complete absence of ACTH signaling.

Measurement of catecholamine levels demonstrated that epi-
nephrine levels were significantly reduced (Fig. 4D): male
MC2R~/~, 0.12 * 0.02 ng/ml (n = 4); MC2R*/-, 0.72 = 0.14
ng/ml (n = 6); and MC2R*/*, 0.59 * 0.08 ng/ml (n = 5).
However, norepinephrine and dopamine levels were not signif-

PNAS | November 13,2007 | vol. 104 | no. 46 | 18207

— 501 —

MEDICAL SCIENCES



I —
~
100 1600 500
= 400
§ 80 _ 1200 £
2 £ g
2 60 g g 300
3 I 800 8
s E g
g8 40 Q g 20
£
<
400
8 20 100
ND
0 0 0
- 4 e - - 4le 4 4l
Genotype Genotype Genotype
44
D =  E
#£ 48 #
— L) —,
08 300 f QOSaline
- WACTH
3 €
2 08 2
~ @ 200
[
2 §
< 04 2
g g
K € 100
02 o
ND
0.0 4]
- 4l s -I- +- ++
Genotype Genotype

Fig.4. Hormone levels in MC2R KO mice. (A-D) Blood was collected at 1600
hours from male mice {male MC2R~/=, n = 4;MC2R*/~, n = 6; and MC2R*/*,n =
5) fasted for 8 h. Serum corticosterone (A), ACTH (B), aldosterone (C), and
epinephrine (D) levels were determined. (F) Serum corticosterone response
after ACTH (10 ug per kg of body weight) or saline Iinjection in 12-wk-old male
MC2R~/~ [saline, not determined (ND); ACTH, n = 8], MC2R*/~ (saline, n = 11;
ACTH, n = 11), or MC2R** (saline, n = 5; ACTH, n = 8) mice. ACTH or saline
was injected from 1000 to 1030 hours, and blood was collected after 60 min.
Data are expressed as means + SEM. Statistical significance was determined by
one-way ANOVA and Fishers protected least significant difference (PLSD) test
(A, B, D, and £) or t test (C). ###, P < 0.001; ##, P < 0.0%; #, P < 0.05.

icantly altered in MC2R KO mice (data not shown). The
expression of TH was significantly reduced in MC2R KO adrenal
glands (Fig. 5F), whereas the expression of Phox2a, a specific
marker for chromaffin cells, was not significantly different (Fig.
5G), suggesting that MC2R is not required for chromaffin cell
development but is necessary for TH expression. These results
are consistent with a previous report that GC is not required for
chromaffin cell development (13). We also observed that the
expression of phenylethanolamine N-methyltransferase
(PNMT), which catalyzes the conversion of norepinephrine to
epinephrine and is modulated by GC, was significantly reduced
in adrenal glands from MC2R KO mice (Fig. 5H). These results
suggest that the reduced epinephrine level in MC2R KO mice is
due to the reduced expression levels of PNMT and TH.

MC2R KO Mice Develop Hypoglycemia upon Prolonged Fasting. We
measured blood glucose levels in animals both fed and fasted for
8 h. Interestingly, adult MC2R KO mice exhibited relatively
higher glucose levels than those of WT mice under fed and 8-h
fasting conditions. However, the difference was not statistically
significant (data not shown). MC2R KO mice exhibited relatively
reduced serum insulin levels compared with control littermates.
However, the difference was not statistically significant: male
MC2R /-, 2,044 + 190 pg/ml (n = 4); and MC2R*/*, 2,644 *
265 pg/ml (n = 5).

18208 | www.pnas.org/cgi/doi/10.1073/pnas.0706953104
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Fig.5. Adrenal gene expression In MC2R KO mice. Expression of Cyp11a1(A),

Cyp21at (B), Cyp11b1 (C), Cyp11b2 (D), AT1bR (E), TH (F), Phox2a (G), and
phenylethanolamine N-methyltransferase (PNMT) (H) in adrenal glands from
female 12-wk-old MC2R~/~ (n = 4) and MC2R*/* (n = 3) mice was determined
by qRT-PCR. Data are expressed as.means * SEM, Statistical significance was
determined by t test. ##4, P < 0.001; #¥, P < 0.01; #, P < 0.05.

We next evaluated the role of MC2R during prolonged
starvation. After 36 h of starvation, liver gluconeogenesis be-
comes the major source of blood glucose (14). During a 36-h fast,
MC2R KO mice exhibited a faster decline in blood glucose levels
(Fig. 64): male MC2R~/~, 45.8 * 11.7 mg/dl (n = 5); and
MC2R**,79.2 = 9.5 mg/dl (n = 5). As anticipated, corticoste-
rone levels in WT mice were increased in response to fasting,
whereas corticosterone levels in MC2R KO mice were not
increased in response to a 36-h fast (Fig. 6B): male MC2R /-,
undetectable (n = 5); and MC2R*/*,94.4 + 23.4 ng/ml (n = 5).
Serum epinephrine was significantly decreased in MC2R KO
mice, whereas norepinephrine, dopamine, insulin, and glucagon
levels (data not shown) were not significantly different. The
expression of PEPCK, which is a rate-limiting enzyme in glo-
coneogenesis, was significantly decreased, and G6Pase was
relatively decreased in MC2R KO mice after a prolonged (36 h)
fast (Fig. 6C), indicating that the lower blood glucose levels in
MC2R KO mice were due to impaired gluconeogenesis.

Discussion

Immediately after birth, the maternal supply of substrates ceases
abruptly, and the newborn mouse has to withstand a brief period
of starvation before being fed with milk that is high in fat and low
in carbohydrates. The adaptation of neonates to these changes in
nutrition and environment requires modification of glucose and
fatty acid metabolism, which is controlled by the neonatal
increase in glucagon and the fall in insulin (15). Defective
gluconeogenesis leads to neonatal death (16). Plasma cortico-
sterone levels are high at delivery and rapidly decline during the
first 24 h after birth, and epinephrine and norepinephrine levels
are increased severalfold in newborns in response to the stresses
of birth, such as transient hypoxia, cold exposure, and cord
cutting (15). Because GC plays a critical role in the maintenance
of neonatal blood glucose levels through the induction of
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Fig.6. MC2RKO mice develop hypoglycemia during fasting. The experiment

was performed with 12-wk-old male MCZR™'~ (n = 5) and MC2R*/* (n = 5)
mice. (A and B) At time 0 (2000 hours), food was withdrawn and blood glucose
{A)and serum corticosterone level (8) were measured. After 36 h, mice (at0800
hours) were killed and serum samples and liver RNA were prepared. Expres-
sion of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (G6Pase) in the llver was determined by qRT-PCR (C). Data are
expressed as means = SEM. The statistical difference was evaluated by two-
way ANOVA (factor 1 was genotype and factor 2 was treatment) followed by
ttest to compare the significant difference between the glucose value for 36 h
of MC2R KO mice and the glucose value for 36 h of WT mice. #, P < 0.05.

gluconeogenesis, one-half of hepatocyte-specific GC receptor
KO mice die shortly after birth as a result of hypoglycemia (17).
Here, we demonstrated that MC2R KO mice are defective in this
adaptation, consistent with a previous report that 75% of POMC
KO mice die shortly after birth (2). Genetic replacement of
pituitary POMC in POMC KO mice (POMC~/~Tg*) rescues
neonatal lethality in POMC KO mice, suggesting that peripheral
POMC, possibly ACTH, is important for neonatal survival (18).
These results collectively suggest that ACTH MC2R signaling
plays a critical role in the neonatal adaptation to nutrition
supply, consistent with the fact that patients with FGD often
suffer from neonatal hypoglycemia (OMIM no. 202200) (19).
Neonatal hypoglycemia in MC2R KO mice might be secondary
to Jow levels of both circulating corticosterone and epinephrine.
It is also interesting that a slight increase in mortality was also
observed at 3-4 wk of age because weaning is a crucial period
when mice need to adapt to nutritional modifications. In fact,
corticosterone concentration is low during the suckling period,
increases after 12 days, and peaks at 24 days (15). Further studies
are required to clarify the possible role of ACTH MC2R in
suckling/weaning adaptation.

We observed significant adrenocortical hypoplasia in adult
MC2R KO mice compared with WT siblings. Although zG cells
remained fairly intact, zF cells were severely atrophied (Fig. 2),
indicating that MC2R is not required for proper development of
zG cells but is required for that of zF cells. Adrenal giands of
rodents possess a transient zone between the adrenal cortex and
the adrenal ME called the murine X zone. The overall function
of the X zone remains unclear (20). Detailed studies are required
to clarify the possible effect of ACTH deficiency on X zone
regression. Because the adrenal glands from MC2R KO pups
were indistinguishable in size and histological appearance from
those from WT littermates at birth (data not shown), consistent
with POMC KO mice (21), the ACTH MC2R signaling pathway
regulates postnatal development of the adrenal gland. It was
previously proposed that POMC-derived peptides other than
ACTH contribute to adrenal development, function, and main-
tenance. Specifically, cleavage of the N-terminal POMC (amino
acids 1-74) results in the generation of shorter peptides with
mitogenic properties (22). If POMC-derived peptides other than
ACTH have any role in adrenal development, the adrenal
phenotype of MC2R KO mice should be less severe than that of
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POMC KO mice. Compared with the adrenal structure of
POMC KO mice previously reported (2, 4), the adrenal struc-
ture/morphology of MC2R KO mice was intact, especially in zG.
The total number of nuclei in zZF of MC2R KO mice was not
significantly changed (Fig. 24), suggesting that the proliferation
of zF in MC2R KO mice was comparable with that in WT mice.
In contrast, it was previously demonstrated that adrenal glands
of POMC KO mice on postnatal day 14 had reduced prolifer-
ating cell nuclear antigen (PCNA)-positive cells (21). These
differences could be explained by the possible role of POMC-
derived peptides other than ACTH in adrenal development (22),
although we could not exclude the possibility of difference due
to genetic background or of compensatory function by other
MCRs in the absence of MC2R. Simultaneous comparison of
POMC KO mice and MC2R KO mice is required to clarify these
possibilities.

We analyzed the adrenal gene expression involved in the
syntheses of corticosterone, aldosterone, and catecholamines in
MC2R KO mice at 12 wk of age. Two previous studies have
shown adrenal gene expression profiles in POMC KO mice.
Karpac et al. (21) demonstrated that the expression of Cyp11b2,
Cypl1b1, and TH in POMC KO mice at 5 wk of age was not
significantly different from that in WT mice and suggested that
the essential role for POMC peptides is in the maintenance of the
adrenal gland and not in differentiation. Coll et al. (23) also
analyzed the expression of Cyp11lbl and Cypllal and demon-
strated that the expression of both was reduced in POMC KO
mice at 8 wk of age. Although the latter results were consistent
with ours, the former results were not. We could not fully explain
the reason for the difference: however, one possible explanation
is that adrenal glands of POMC KO and MC2R KO mice at 5 wk
of age are indistinguishable from those of WT mice and that they
regress thereafter, as suggested by Karpac et al. (21). Further
developmental studies on the adrenal gland in POMC KO and
MC2R KO mice are needed to clarify these issues.

We found that the adrenal glands in MC2R KO mice produce
aldosterone at reduced levels, as has been observed in POMC
KO mice (2, 4). In this regard, the MC2R-deficient mouse model
is different from FGD type 1 patients, who have been reported
to exhibit normal serum aldosterone levels (24). This disparity
could be explained by the fact that the majority of humans have
one or two missense alleles, and homozygous nonsense muta-
tions are very rare. It was recently reported that a small number
of such patients may provide biochemical evidence of mineralo-
corticoid deficiency (25). The role of ACTH in aldosterone
production is further supported by the fact that glucocorticoid
receptor (GR) KO mice had enlarged adrenal glands with greatly
increased expression of not only Cypl1b1l but also Cyplib2 at
embryonic day 18.5 (26). GR KO mice had increased ACTH
levels as a result of the deficiency of negative feedback by
corticosterone (26). It is possible that increased ACTH levels in
GR KO mice are directly responsible for the increased expres-
sion of Cyp11b2 in zG. These observations collectively indicate
that ACTH MC2R signaling is an important regulator of aldo-
sterone production.

Here we described the initial characterization of MC2R KO
mice and confirmed and extended the importance of ACTH-
MC2R in neonatal adaptation to nutrition supplies, adrenal
development, and the production of corticosterone and aldo-
sterone. The possible role of ACTH-MC2R in adipose metab-
olism (27), B-cell function (28), and skin homeostasis (29) could
be clarified by further analysis of MC2ZR KO mice.

Materials and Methods

Animals. Generation of MC2R KO mice is described in S/
Muteriuls wnd Meihods. For analysis of tissue weight, 12-wk-old
mice of each genotype were evaluated. Adrenal glands were
dissected, cleaned of fat under a stereoscopic microscope, and

PNAS | November 13,2007 | vol. 104 | no.46 | 18209

— 503 —

-MEDICAL SCIENCES



weighed. Epididymal white adipose tissue, inguinal white adi-
pose tissue, thymus, and spleen were dissected and weighed.
Whole-tissue samples were isolated and placed on saline-
saturated filter papers to remain hydrated until weighing. All of
the mice were kept under specific pathogen-free conditions in an
environmentally controlled clean room in the Laboratory Ani-
mal Research Center, Institute of Medical Science, University of
Tokyo. The experiments were conducted according to institu-
tional ethical guidelines for animal experiments and safety
guidelines for gene manipulation experiments.

Blood Analysis. For analysis of basal hormone levels, 12-wk-old
adult mice of each genotype were evaluated. After 8 h of fasting,
at 1600 hours, mice were anesthetized with diethyl ether, and
blood samples were collected rapidly from the heart. Serum
electrolyte concentrations were measured by the ion-selective
electrode method (SRL, Tokyo, Japan). Serum corticosterone,
ACTH, and aldosterone levels were determined by RIA with
detection limits of 4.8 ng/m] (Amersham, Little Chalfont, United
Kingdom), 5 pg/m! (Mitsubishi, Tokyo, Japan), and 0.05 ng/ml
(Aldosterone-RIAKIT II; SRL), respectively. Serum catechol-
amine levels were determined by HPLC (SRL). Male MC2R*/*,
MC2R*/~, and MC2R "/~ mice of 12 wk of age were injected i.p.
at 1000 hours with either ACTH (Peptide Institute, Osaka,
Japan) at a dose of 10 pg/kg or saline. Animals were killed by
decapitation, and blood was collected after 60 min.

Blood Pressure Measurement. Blood pressure and heart rate were
measured in conscious mice by the indirect tail-cuff method
(BP-98A; Softron, Tokyo, Japan) as described in ref. 30.
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Defective Expression of Ras Guanyl Nucleotide-Releasing
Protein 1 in a Subset of Patients with Systemic Lupus

Erythematosus’

Shinsuke Yasuda,>* Richard L. Stevens,’ Tomoko Terada,* Masumi Takeda,*
Toko Hashimoto,* Jun Fukae,* Tetsuya Horita,* Hiroshi Kataoka,* Tatsuya Atsumi,*

and Takao Koike*

Dysregulation of Ras guanyl nucleotide-releasing protein 1 (RasGRP1) in mice results in a systemic lupus erythematosus (SLE)-
like disorder. We therefore looked for defective isoforms and/or diminished levels of human RasGRP1 in a cohort of SLE patients.
PBMCs were collected from twenty healthy individuals and thirty-two patients with SLE. mRNA was isolated and five RasGRP1
c¢DNAs from each subject were sequenced. T cell lysates from healthy controls and SLE patients also were evaluated for their levels
of RasGRP1 protein. The accumulated data led to the identification of 13 new splice variants of the human RasGRP1 gene. Not
only did our SLE patients have increased levels and types of these defective transcripts relative to normal individuals, two SLE
patients were identified whose PBMCs and T cells contained very little, if any, functional RasGRP1 mRNA and protein. The
presence of aberrantly spliced RasGRP1 transcripts also was correlated with lower levels of RasGRP1 protein in the patients’ T
cells. The lack of the normal isoform of RasGRP1 in some SLE patients and the increased prevalence of defective isoforms of
RasGRP1 in others raise the possibility that dysregulation of this signaling protein contributes to the development of autoimmu-
nity in a subset of SLE patients. The Journal of Immunology, 2007, 179: 4890-4900.

disease of unknown etiology characterized by the presence

of high levels of autoantibodies. It has been proposed that
a complex interaction of a number of undefined endogenous genes
and their products with undefined pathogens and other factors in
the environment somehow leads to dysregulation of adaptive im-
munity in SLE patients. Thus, a major effort has been made to
segregate SLE patients into distinct subgroups based on the mech-
anism of their defects in adaptive immunity.

T cells use the TCR to distinguish self-Ags and foreign Ags and
to undergo positive and negative selection in the thymus (1, 2).
Positive selection occurs when TCR-derived signals of low inten-
sity result in the activation of Erk-1, a rise in the intracellular levels
of active Ras family members, and the activation of numerous
transcription factors in the maturing lymphocytes (3). Ras cycles
between an inactive GDP-bound form and active GTP-bound
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form. In T cells, Ras family members (e.g., N-Ras) are activated
by ubiquitously expressed guanine nucleotide exchange factors
(GEFs) such as Son of sevenless (4, 5) and Vavl (6) and by the
more restricted GEF Ras guanyl nucleotide-releasing protein
(RasGRP) 1 (7-10). RasGRPI is an intracellular signaling pro-
tein that contains an N-terminal GEF domain and C-terminal
calcium- and diacylglycerol (DAG)/phorbol ester-binding do-
mains (11). Although RasGRP!1 was initially identified and
cloned from rat brain by Stone and coworkers (12), this intra-
cellular protein is highly expressed in mouse and human T cells
and to a lesser extent in B cells. The human RasGRP1 gene is
76.7 kb, contains 17 exons, and normally encodes an ~95-kDa
protein of 797 residues.

RasGRPI resides in the cytoplasm of quiescent T cells. DAG
is generated by phospholipase C when T cells are activated via
their TCRs. Binding of DAG to the 50-mer protein kinase Cl-
like domain in the C-terminal half of RasGRP1 causes the tran-
sient translocation of the signaling protein to the inner leaflet of
the lymphocyte’s plasma membrane. Eventually, RasGRP!
moves from the cell surface to the endoplasmic reticulum and
Golgi by a down-regulation mechanism that remains to be de-
termined (13-16). Weakly selecting TCR signals depend on
RasGRP1 to drive T cell development (17). Overexpression of
RasGRP1 in Jurkat T cells enhances TCR-Ras-Erk signaling
and results in increased IL-2 expression when these lympho-
cytes are exposed to calcium ionophore and PMA (7). Ras-
GRP1™~ mice have a block in thymocyte development and
diminished numbers of CD4"CD8~ and CD4 CD8" T cells
(8). By contrast, the overexpression of RasGRP1 in mice results
in increased numbers of CD4"CD8"* T cells (18). It therefore
has been concluded that RasGRP! participates in the final
stages of T cell maturation (8). RasGRP1-null mice have high
circulating levels of IgG and IgE and develop a late-onset lym-
phoproliferative autoimmune syndrome.
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The lag mouse created by Layer et al. (19) also develops a
SLE-like disorder. Young lag mice have reduced numbers of ma-
ture T cells due 1o a block in T cell development. Older lag mice
have elevated levels of autoantibodies and also develop lymphad-
enopathy and glomerulonephritis. Positional mapping for a dis-
ease-associated gene in the /ag mouse narrowed the responsible
region to a 10-cM interval in the telomeric end of the long arm of
chromosome 2, which contains the RasGRP1 gene among other
genes. Even though the exact mutation is unknown, no functional
RasGRP1 protein is present in the /ag mouse’s splenocytes due to
defective processing of its precursor transcript.

The human RasGRP1 gene resides on chromosome 15¢q15 (20).
Numerous gene-linkage studies have been conducted on SLE pa-
tients, and many candidates have been identified as possible dis-
ease-susceptibility genes in these patients. In agreement with the
conclusion that SLE is a polygenic disorder influenced by un-
defined environmental factors, several sites in the human ge-
nome were identified by Rao et al. (21) in their multivariate
linkage analysis of 101 SLE-affected sib pairs in the United
States. One of the sites identified in that study was an undefined
gene on chromosome 15ql5. Despite the human gene-linkage
data and the lag mouse data, abnormal isoforms of human Ras-
GRPI1 have not been described. Nevertheless, RasGRP1 acts
downstream of the TCR and BCR in lymphocytes and upstream of
N-Ras, and the gene that encodes the related signaling protein
RasGRP4 is aberrantly spliced in some mast cells (22-24). We
therefore looked for dysregulation of RasGRPI in patients with
different autoimmune diseases. We now describe a unique subset
of SLE patients with a common abnormality in the expression of
this important signaling protein.

Materials and Methods
Subjects

Twenty apparently healthy Japanese individuals (four males and 16 fe-
males; 30.9 £ 6.2 years old, mean * S.D.) and 32 unrelated Japanese
patients with SLE (five males and 27 females; 32.0 = 9.9 years old,
mean * S.D.) were studied. All patients in this cohort fulfilled the Amer-
ican College of Rheumatology criteria for SLE (25). Based on the British
Isles Lupus Assessment Group scoring system (26), disease activity at the
time of analysis of their RasGRP1 transcripts and proteins was 11.2 = 7.3
(range = 0-28). Mean disease duration was 8.2 years (range = <1 month
to 28 years). Twenty-three (72%) of our SLE patients were receiving pred-
nisolone (PSL) when we measured the expression of RasGRP1 mRNA and
protein in their PBMCs and T cells. The daily dose of PSL in this treated
group was 16.0 = 14.2 mg/day (mean * S.D., range = 2.5-60) and was
based primarily on the patient’s disease activity and overall weight. Six
(26%) of our SLE patients on PSL therapy received the additional immu-
nosuppressive agents cyclosporine (n = 2), methotrexate (n = 2), cyclo-
phosphamide (n = 1), and mizoribine (n = 1). The remaining nine (28%)
SLE patients were evaluated for the presence of aberrant RasGRPI iso-
forms before the initiation of any therapy. Twelve patients with other au-
toimmune diseases served as autoimmune controls. We did not attempt to
age or gender match this control group with our SLE patients. The patients
in this autoimmune control group had rheumatoid arthritis (n = 5), poly-
myositis/dermatomyositis (n = 2), systemic sclerosis (n = 3), and
Sjogren’s syndrome (n = 2). Our study was approved by the Human Ethics
Committee of the Hokkaido University Graduate School of Medicine (Sap-
poro, Japan), and informed consent was obtained from each subject.

Isolation and characterization of novel human RasGRP1
transcripts

PBMCs were collected from our subjects using Ficoll-Paque PLUS (Am-
ersham Biosciences), and RNA was isolated from the resulting cells using
TRIzol (Invitrogen Life Technologies). The PBMC-derived transcripts
were then converted into cDNA using reverse transcriptase (Toyobo) and
an oligo(dT),,_,x primer (Invitrogen Life Technologies). The coding re-
gions of the RasGRP1 ¢DNAs were amplified by a PCR method using the

forward primer 5'-CGCGGCCATGGGCACCCTG-3’ and the reverse-

primer 5'-CTAAGAACAGTCACCCTGCTCCAT-3', which correspond

4891

to sequences residing at the beginning and end of the coding domain of the
normal human RasGRPI1 transcript noted at GenBank accession no.
NM_005739, respectively. After a heat denaturation step, each of the 30
cycles of the subsequent PCR steps consisted of a 15-s denaturing step at
94°C, a 15-s annealing step at 63°C, and a 2-min extension step at 72°C.
The resulting PCR products were electrophoresed in 1.0% agarose gels and
visualized. The PCR products were also subcloned into pcDNA3.1 V5-
His-TOPO (Invitrogen Life Technologies). Five arbitrarily selected cDNAs
from each individual were then sequenced using an ABI PRISM 3130
genetic analyzer (Applied Biosystems) and numerous internal forward and
reverse sequencing primers.

The forward primer 5'-AAGGACCTCATCTCCCTGTA-3' and the re-
verse primer 5-AAGTAGGCTGTGATCTCATC-3’ also were used to
evaluate the prevalence of the frequently found exon {1 deletion splice
variants of the human RasGRP] transcript in our SLE subjects. To serve as
PCR controls in these transcript analyses, the forward primer 5'-GTCAGT
GGTGGACCTGACCT-3' and the reverse primer 5'-TCTTC
AAGGGGTCTACATGG-3' were used to detect and quantitate the
GAPDH transcript. For amplification of GAPDH ¢DNAs, each of the 25
cycles of the subsequent PCR steps consisted of a 15-s denaturing step at
94°C, a 15-s annealing step at 55°C, and a 45-s extension step at 72°C. The
RasGRP3-specific primers 5'-CCATGGGATCAAGTGGCCTTG-3' and
5’-AGTCAGCCATCCTCACCATCCTG-3' were used to isolate the nu-
cleotide sequence of the transcripts that encode the entire coding domain of
normal RasGRP3. The PCR conditions were identical with those used to
evaluate RasGRP1 mRNA expression. We also evaluated the full-length
CD4 transcripts in our patients’ PBMCs using the CD4-specific primers
5'-CACAATGAACCGGGGAG-3' and 5'-GCCTCAAATGGGGCTAC-
3. In these CD4 transcript analyses, each of the 30 cycles of the PCR
consisted of a 15-s denaturing step at 94°C, a 15-s annealing step at 55°C,
and a 60-s extension step at 72°C.

To investigate the splice-donor and splice-acceptor sites of exon 11 in
the human RasGRP1 gene, the relevant sequence was obtained using
genomic DNA from the PBMCs of SLE patient 10, who had an exon 11
deletion in all five of his/her sequenced RasGRP1 ¢cDNAs. The forward
intron 10 primer was 5'-CAGATTGAGAATTTCAAATTAT-3’ and the
reverse intron 11 primer was 5'-ATACAAAACTGAGCCAGG-3'. The
forward primer resides 253 nucleotides from the 3’ end of intron 10 for
the detection of the branch point sequence used to the remove this intron.

Generation and use of anti-human RasGRPI1 Abs in SDS-PAGE
immunoblot assays

Anti-human RasGRP1 Abs were generated against the 18-mer peptide
MGTLGKAREAPRKPSHGC that corresponds to the normal protein’s N
terminus. This peptide was chosen as the Ag because its sequence does not
resemble that in human RasGRP2 (i.e., MGTQRLCGRGTOGWPGSS),
RasGRP3 (i.e., MGSSGLGKAATLDELLCT), or RasGRP4 (i.e., MNRK
DIKRKSHQECSGKA). A basic local alignment search tool (BLAST) pro-
tein search also revealed no similar sequence in any other known human
protein. Finally, we concluded that Abs directed against the N terminus of
RasGRP1 should be more valuable than the Abs directed the protein’s C
terminus because the latter Abs would not allow us to identify truncated
isoforms of this signaling protein in our patients’ lymphocytes. Five mil-
ligrams of the synthetic peptide were coupled to keyhole limpet hemocy-
anin (KLH) via its C-terminal cysteine. A New Zealand White rabbit was
s.c. injected with the peptide-KLH complex in the presence of CFA for the
primary immunization. This was followed by reimmunization of the animal
with the peptide-KLH complex in IFA. The resulting Abs were affinity
purified using the synthetic immunizing peptide coupled to Sulfo-Link gel
(Pierce) via its C-terminal cysteine. Protein blots containing lysates of Ras-
GRP1-expressing HEK-293 cells and a human thymus obtained from Clon-
tech were probed with the Abs in the presence or absence of the immu-
nizing peptide.

T cells were purified from ~ 10 ml of peripheral blood from each subject
using the RosetteSep human T cell enrichment cocktail (StemCell Tech-
nologies). The purities of these T cells were routinely >85% as assessed on
a FACSCalibur flow cytometer (BD Biosciences) by using a FITC-labeled
anti-CD3 Ab (BD Biosciences). A mammalian cell lysis kit (catalog no.
MCLI: Sigma-Aldrich) was used 1o prepare lysates of each preparation of
T cells. The protein concentrations of these samples were determined using
the bicinchoninic acid protein assay (Pierce). Approximately 3 g of each
cell lysate was subjected to SDS-PAGE. The separated proteins were trans-
ferred to immune blot polyvinylidene difluoride membranes (Bio-Rad), and
immunoblotting was performed using our rabbit anti-human RasGRP1 Abs
and a mouse anti-human S-actin Ab (Sigma-Aldrich) followed by the rel-
cvant secondary Abs conjugated to HRP. The Ab-treated blots were de-
veloped by using the Immobilon Western chemiluminescent substrate
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{(Millipore). The densities of the bands that correspond to B-actin and full-
fength RasGRPI were then measured using the Quantity One software
package (Bio-Rad).

Generation of recombinant human RasGRPI isoforms found in
SLE patients

Constructs encoding human RasGRP1 with or without a C-terminal V5
epitope tag were transfected into the epithelial cell line HEK-293 (line
CRL-1573; American Type Culture Collection). This cell line was chosen
rather than a T cell line because HEK-293 celis do not express RasGRP1,
thereby allowing us to interpret data in an experimental situation without
endogenous RasGRP1. The cDNAs that encode full-length RasGRP1 and
three abnormal isoforms of the signaling protein identified in our SLE
patients (splice variants A, B, and D) were subcloned into a pIRESpuro3
vector (Clontech). Transfections were performed using Lipofectamine
2000 reagent (Invitrogen Life Technologies) according to the manufactur-
er’s instructions. After a 24-h incubation, 5 pg/ml puromycin (Sigma-
Aldrich) was added to the culture medium to select for RasGRPl-express-
ing transfectants. To evaluate the expression of recombinant RasGRP1 at
the RNA level, the transfected cells were trypsinized, washed, and soni-
cated using a Microson ultrasonic cell disruptor (Wakenyaku). Total RNA
was extracted from the lysates as described above. cDNAs were generated
using the QuantiTect reverse transcription kit (Qiagen), which includes a
DNase treatment step to minimize the possible contamination of the RNA
samples with construct DNA. As an additional control for construct DNA
contamination, PCRs were conducted on these RNA samples treated in the
same manner but without reverse transcriptase.

A confirmatory real-time quantitative PCR (qPCR) approach was then
used to monitor the levels of the different RasGRP! transcripts in the trans-
fectants. In these instances, the level of the RasGRP! transcript was nor-
malized to that of the GAPDH transcript using an ABI Prism 7000 se-
quence detection system and TagMan MGB probes specific for RasGRP1
(assay identifier Hs00996723_ml1) and GAPDH (assay identifier
Hs00266705_1) (Applied Biosystems). We chose a RasGRPI-specific
primer set in these qPCRs that generates a DNA fragment derived from
exons 12 and 13, because this sequence is present in all of our expression
constructs. Thus, the primer set can be used to measure the levels of the
transcripts that encode normal RasGRP1 and its three splice variants in the
transfectants. Relative quantification was performed using the comparable
cycle threshold (C;) method in which ACy is the level of the RasGRP1
transcript in the RNA sample relative to that of the GAPDH transcript. The
difference in the expression of the transcripts that encode normal RasGRP1
and its splice variants was defined in each instance as AAC; and the
changes in mRNA levels were defined by 2744€T,

For protein expression analysis, the ceils were washed with PBS and
then lysed using the mammalian cell lysis kit (Sigma-Aldrich). The pres-
ence of the different isoforms of RasGRP! in the transfectants at the protein
level was evaluated by the SDS-PAGE immunoblot method described
above, using our anti-RasGRP1 Abs. In some experiments, the transfec-
tants were placed in Opti-MEM I medium (Invitrogen Life Technologies)
supplemented with the proteasome inhibitor MG-132 at 25 uM (Calbio-
chem). The 10 mM stock solution of MG-132 was dissolved in 100%
DMSO. Thus, the final DMSO concentration in the culture medium was
0.25%. After a 15-h incubation, the treated cells were washed with PBS
and cell lysates were prepared and analyzed as described above. Trans-
fected HEK293 cells also were exposed for 14 h to 2 uM monensin sodium
sulfate (Sigma-Aldrich) in Opti-MEM I medium before lysates of these
cells were analyzed for their RasGRP1 protein levels.

A cell-free in vitro transcription:translation assay was performed using
the PROTEINscript IT T7 kit (Ambion) according to the manufacturer’s
instruction. Briefly, our pIRESpuro3 vectors encoding the V5-labeled nor-
mal full-length hRasGRP1 and its defective splice variants A, B, and D
were subjected to the transcription step. The rabbit reticulocyte lysates in
the kit were then used to translate the transcripts, which were evaluated by
the SDS-PAGE immunoblot assay using anti-V5 Ab (Invitrogen Life
Technologies).

Expression of IL-2 in stimulated CD4™ T cells

CD4™" T cells were purified from 10 ml of the peripheral blood of normal
individuals and SLE patients using the RosetteSep human CD4* T cell
enrichment cocktail (StemCell Technologies). In each instance, 500,000
purified T cells were suspended in 0.5 m! of RPMI 1640 medium contain-
ing 10% FCS and then stimulated by plate-bound anti-CD3 (1 pg/ml) and
anti-CD28 (2.5 pg/ml; BD PharMingen) Abs. Purified T cells that were not
stimulated with the anti-CD3 and anti-CD28 Abs served as negative con-
trols. After a 3.5-h incubation at 37 °C in a humid chamber, total RNA was
prepared from each sample and subjected to real-time qPCR for quantita-
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tion of its IL-2 mRNA levels. The TagMan MGB primer set specific for
IL-2 (assay identifier HsO0174114_ml) was used in the qPCR protocol.
This experiment was performed two to three times for each individual ina
triplicate manner.

Statistical analysis

The x test with Yates’ correction was used to compare the frequencies of
the identified RasGRP1 variants in SLE patients vs healthy individuals.
Clinical features or other parameters between control individuals and pa-
tients or between patients with and without splice variants were compared
using Mann-Whitney's U test. p values below 0.05 were considered to be
significant.

Results
Identification of 13 novel RasGRP! transcripts in SLE patients
caused by defective splicing of its precursor transcript

RasGRP! cDNAs were amplified from each patient’s PBMCs by
using a RT-PCR approach and primers that correspond to the be-
ginning and end of the coding domain of normal RasGRP1 in
human T cells (Fig. 1A). For this initial screening analysis, a lim-
ited number of patients with other rheumatic diseases also were
evaluated for their expression of normal and defective RasGRPI
transcripts (Fig. 1B). The 2.4-kb cDNA that encodes the normal
isoform of RasGRP1 was found in all healthy individuals, as well
as in those patients with non-SLE autoimmune disorders. No ab-
normal RasGRP1 transcripts were found in the PBMCs of SLE
patients 1, 4, or 5. In contrast, SLE patients 2, 6, and 7 contained
both normal and abnormal RasGRP1 transcripts. Surprisingly, the
normal 2.4-kb RasGRP! RT-PCR product was below detection in
SLE patients 3, 8, and 9. When SLE patient 3 was reanalyzed 16
mo later, his/her PBMCs had predominantly normal RasGRPI
transcripts (Fig. 1C). The defect in RasGRP1 expression therefore
was variable in SLE patient 3. In contrast, analysis of the PBMCs
taken from SLE patients 8 and 9 ~8 mo after the initial analysis of
these patients revealed a similar defect in RasGRP1 expression
(Fig. 1C). Of the two SLE patients who reproducibly had virtually
no normal RasGRP!l mRNA in their PBMCs, SLE patient 9 had
been treated with PSL before the analysis of his/her PBMCs. How-
ever, SLE patient 8 had not been given any therapeutic drug. Thus,
the failure to detect appreciable amounts of the normal RasGRPI
isoform in SLE patient 8 was not a therapy-induced abnormality.
Disease status was significantly different in SLE patients 3 and 8
between the first and the second evaluations of their PBMCs for
RasGRP1 expression. SLE patient 3 was treated with cyclosporine
to alleviate his/her thrombocytopenia, whereas SLE patient 8 was
treated with prednisolone and cyclophosphamide to alleviate his/
her fever, cytopenia, and glomerulonephritis. In contrast, neither
disease activity nor treatment had changed in SLE patient 9. As
noted in Fig. 1D, SLE patients 8 and 9 had only full-length CD4
and RasGRP3 transcripts in their PBMCs. Similar CD4 and Ras-
GRP3 transcript findings were obtained when two normal individ-
uals, two rheumatoid arthritis patients, and SLE patient 4 were
analyzed. Thus, the T cells in SLE patients 8 and 9 did not have a
global defect in mRNA processing, including the posttranscrip-
tional processing of another RasGRP family member.

Different sized PCR products were detected in many of our SLE
patients. Nevertheless, as noted below, RasGRP1 transcripts lack-
ing exon 11 were frequently observed. We therefore next used a
PCR approach to amplify exons 10, I1, and 12 in the RasGRPI
transcripts from the same cDNA samples noted in Fig. 1. Nucle-
otide sequence analysis confirmed that the generated ~500-bp
product noted in the middle panels of Fig. 1 corresponds to that in
normal RasGRP! transcripts with its three exons, whereas the
~400-bp product corresponds to abnormal RasGRP1 transcripts
facking exon 11. The ~500-bp fragment was prevalent in every
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FIGURE 1. Identification of normal and defective RasGRP1I transcripts
in the PBMCs of healthy individuals, SLE patients, and patients with other
autoimmune diseases. A, A RT-PCR/gel separation approach using exons
1-17 (upper panel) and exons 10-~12 (middle panel) primer sets in the
human RasGRPI gene was conducted to evaluate transcript expression in
the PBMCs isolated from four healthy individuals and nine patients with
SLE. B, The same screening approach was used to evaluate RasGRP!
transcript expression in five patients with rheumatoid arthritis (RA), two
patients with polymyositis (PM) or dermatomyositis (DM), three patients
with systemic sclerosis (SSc), and 2 patients with Sjogren’s syndrome
(SjS). GAPDH-specific primers were used in the lower panel as a control
to quantitate the levels of the housekeeping transcript in the 25 samples. C,
Months after the initial analysis of their PBMCs, new samples of PBMCs
were obtained from SLE patients 3, 8, and 9. RNA from these new samples
were analyzed for the presence of defective RasGRP1 transcripts. The
same RNA sample from pitient 1 used in the panel A experiments was used
in the panel C experiments as a positive control. D, CD4~ and RasGRP3-
specific primers were then used to assess the levels and presence of aber-
rant spliced transcripts that encode these two proteins in the PBMCs iso-
lated from two normal individuals, two RA patients, and SLE patients 4, 8,
and 9.

control subject even though lesser amounts of the ~400-bp frag-
ment were also found in these samples. In contrast, the ~400-bp
product was prevalent in the same three SLE patients in whom we
failed to detect the normal RasGRP1 transcript with the first primer
set. Because the data with the exon 10/exon 12 primer set essen-
tially confirmed the data with the exon I/exon 17 primer set, the
RasGRPI1 gene is transcribed in all of our SLE patients but its
precursor transcript is sometimes aberrantly spliced.
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To identify the exons that are preferentially lost in the defective
RasGRP] transcripts in our SLE patients, we next collected sam-
ples from age- and sex-matched SLE patients and healthy controls.
We then attempted to sequence five arbitrarily subcloned Ras-
GRPI1 cDNAs from each individual. Although we were not able to
generate any RasGRP1 cDNAs from SLE patients 8 or 9 (Fig. 1A),
RasGRP1 cDNAs from our other 30 SLE patients were obtained.
Thus, we sequenced 100 RasGRP1 ¢cDNAs from 20 healthy indi-
viduals and 150 RasGRP1 ¢DNAs from 30 SLE patients. More
than 1,000 sequencing reactions were conducted in this study to
understand at the molecular level how the RasGRPI transcript is
aberrantly processed in our cohort of SLE patients. The accumu-
lated data resulted in the identification of 13 new isoforms of hu-
man RasGRP!1 due to alternate splicing of exons 5-17 in its pre-
cursor transcript (Fig. 2). The novel splice variants are as follows
deletion of exon 11 (splice variant A, GenBank accession no.
AY954625); deletion of exons 11 and 16 (splice variant B, Gen-
Bank accession no. AY858556); deletion of exons 11 and 13
(splice variant C, GenBank accession no. AY966005); deletion of
exons 11, 15, and 16 (splice variant D, GenBank accession no.
AY634315); deletion of exon 11 with insertion of a genomic frag-
ment from intron 16 (splice variant E); deletion of exon 16 (splice
variant F); deletion of exons 15 and 16 (splice variant G); insertion
of 40 nucleotides from intron 12 between exons 11 and 12 (splice
variant H); deletion of exons 11 and 15 (splice variant I); deletion
of exons 10 and 11 (splice variant J); deletion of exon 13 (splice
variant K); deletion of exon 15 (splice variant L); and deletion of
the last 44 nucleotides in exon 5 (splice variant M).

The most prominent abnormal RasGRP1 isoform identified in
our SLE patients was splice variant A, which lacks only exon 11.
Loss of this exon does not cause a frame-shift abnormality or a
premature translation termination codon in the transcript. Never-
theless, many of the other RasGRP1 splice variants identified in
our study result in a premature translation termination codon. If
translated, splice variants A to M should give rise to C-terminal
truncated isoforms of this intracellular signaling protein that con-
tain 173-762 residues rather than the 797 residues of normal Ras-
GRPI. An improperly processed transcript that contains one of the
gene’s first nine introns also should lead to a nonfunctional protein
if translated.

Clone numbers and the percentages of splice variants are indi-
cated in Fig. 2 and Table I. The splice variants A, B, D, and F were
frequent abnormal isoforms in our SLE patients; these were even
detected in some healthy subjects. In contrast, splice variants C, E,
G, H, 1, J, K, L, and M were only found in the SLE patients.
Moreover, the frequency of any aberrant RasGRP1 isoform was
significantly greater in the patient group ‘than the healthy group,
even if one does not take into account in this statistical analysis our
failure to obtain RasGRP1 cDNAs from SLE patients 8 and 9. We
compared the clinical features of those patients who have no ab-
normal RasGRP! isoform with those who have at least one splice
variant (Table II). The SLE patients who had at least one abnormal
RasGRPI cDNA of five sequenced cDNAs tended to be older and
carried the diagnosis longer than those SLE patients that lacked an
aberrant RasGRP1 isoform. However, there was no significant cor-
relation between disease activity and the presence of aberrant Ras-
GRP1 isoforms. To evaluate the effect of PSL therapy on the gen-
eration of aberrant isoforms of RasGRP|, the presence of at least
one abnormal splice variant cDNA of five sequenced cDNAs were
evaluated in patients who were analyzed before or during therapy.
There was no statistical difference in the frequency of having at
least one defective RasGRP! isoform between the patient groups
before and during therapy (Table II). Morcover, SLE patient 8,
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FIGURE 2. Novel defective RasGRPI transcripts in the PBMCs of SLE patients. The top panel shows the exon structure and corresponding functional
motifs of human RasGRP1, which include the Ras exchange motif (REM), CDC25-like GEF domain (CDC25 box), calcium-binding EF hands, and
. DAG-binding domain. The exons are not drawn to scale. Splice variants A to M highlighted in the lower panel correspond to the 13 new RasGRP1
transcripts identified in our SLE patients. If translated, the number of amino acids (AA) in each expressed isoform is indicated. One hundred RasGRPI-
specific cDNAs were isolated and sequenced from 20 healthy individuals. Six, 1, 4, and 2 of these cDNAs corresponded to the splice variants A, B, D,
and F, respectively. The remaining 87 cDNAs corresponded to normal, full-length RasGRPL. One hundred and fifty RasGRP1-specific cDNA were isolated
and sequenced from 30 SLE patients. The type and number of the identified 58 defective transcripts in these patients are shown whether the SLE patients
were on PSL therapy or not. Loss of an exon in the RasGRP1 transcripts that encode splice variants B, C, D, E, F, G, H, K, and M results in a premature

translation termination codon (*).

who had no normal RasGRP! transcripts (Fig. 1), had not been on
any therapy before his/her PBMCs were evaluated.

Sequence analysis of a RasGRP1 genomic fragment from a pa-
tient who was preferentially expressing RasGRP! transcripts in
his/her PBMCs that lacked exon 11 (e.g., splice variant A) re-
vealed no point mutation from the 3’ end of intron 10 to the 5’ end
of intron 11 of his/her RasGRP1 gene. Thus, there is no germline
mutation in the intron 10/exon Il and exon 1l/intron 11 splice-
sites in either allele of this patient’s RasGRP1 gene. The branch

Table I. Statistical analysis of aberrant RasGRP! isoforms in SLE
patients and healthy subjects”

Percentage Odds

(%) Ratio 95% CI p Value
Loss of exon 11
Healthy subjects 11.0
SLE patients 266 - 294 143-6.07 0.0129
Lost of any exon
Healthy subjects 13.0
SLE patients 36.0 376  1.92-7.37  0.0001

“ Odds ratio, confidential intcrval (C1), and p values were calculated by a x 2 test
with Yates' correction to evaluate the significance of the RasGRPI clones lacking
exon 11 or any exon in the cohort of healthy subjects and SLE patients. The per-
centage (%) of sequenced clones that contained an aberrant RasGRP1 isoform is also
indicated. Every healthy subject contained at least one normal RasGRP! ¢cDNA. In
contrast, only abnormal RasGRP1 cDNAs were detected in our analyses of four SLE
patients, including patients 8 and 9.

point sequence in intron 10, which is used to remove this U2-
dependent intron, also was found to be intact in this SLE patient.

Analysis of RasGRPI protein levels in T éells

Rabbit polyclonal Abs were generated against an 18-mer synthetic
peptide that corresponds to the unique N terminus of human Ras-
GRPI. The resulting affinity-purified Abs were then used to eval-
uate RasGRP1 protein levels in the T cells in the peripheral blood
of 12 of our 32 SLE patients. The specificity of the preimmune
sera, postimmune sera, and affinity-purified anti-RasGRP1 Abs
were first evaluated using HEK-293 cells that had been transfected

Table Il.  Clinical status of SLE patients that contained only normal
RasGRP1 transcripts in their PBMCs versus SLE patients with at least
one aberrant splice variant of this signaling protein®

No Splice Any Splice

Variant Variant p Value
Age (years) 26.0 £ 6.0 360+ 11.0 0.024*
Male/female 3n 2/18
BILAG score 9853 11470 0.494*
Disease duration (mo) 53.8£729 152116 0.020*
PSL dose (mg/day) ILLx 151 121 %142  0.790*%
Patients on therapy 4 3
Patients on no therapy 7 16 0.403"

“The p values in the first four rows (*) were calculated using Mann-Whitney's
U-test and the p value in the last row (1) was calculated by x * test with Yates'
correction. BILAG, British Isles Lupus Assessment Group.
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FIGURE 3. Generation and evaluation of the specificity of newly cre-
ated anti-RasGRP1 Abs. Abs were raised in a rabbit against the N-terminal
18-mer amino acid sequence in human RasGRPI. A blot was prepared that
contained lysates from HEK-293 cells transfected with vector alone (lane
1) or vector containing cDNAs that encode full-length RasGRP1 (lane 2)
or its truncated splice variant A (lane 3). Other protein blots were prepared
that contained lysates of peripheral blood T cells (lane 4 and S) or the entire
thymus (lane 6). The resulting blots were probed with the affinity-purified
rabbit anti-RasGRP1 Abs in the absence (A) or'presence (B) of the immu-
nizing peptide. Arrows highlight ~95-kDa full-length RasGRP1 and its
~90-kDa splice variant A.

with an expression vector lacking or containing cDNAs that en-
coded normal RasGRP!1 or its abnormal splice variant A. As noted
in Fig. 3, no immunoreactive band was detected in lysates of the
control transfectants in our SDS-PAGE immunoblot analysis. In
contrast, the affinity-purified anti-RasGRP1 Abs recognized the
~95-kDa normal RasGRP1 isoform and its abnormal ~90-kDa
splice variant in the transfectants. A nonspecific band of ~64
kDa that could not be blocked by the immunizing peptide was
occasionally observed in the T cell lysates from some individuals
(data not shown). Nevertheless, our Abs consistently recognized
an ~95-kDa protein in lysates of the human thymus and T cells
purified from normal peripheral blood (Fig. 3). In all instances,
reactivity of the latter band was greatly diminished if the protein
blots were reprobed with the anti-RasGRP1 Abs in the presence of
the immunizing peptide.

After having established the specificity of our anti-RasGRP1
Abs, we next used them to evaluate the protein levels of varied
-isoforms of RasGRP1 in T cells purified from the peripheral blood
of five healthy individuals and 12 SLE patients (Fig. 4). The Ras-
GRP1 and B-actin protein blot data are shown in Fig. 4, A and B,
respectively. In each instance, the ratio of the density of the Ras-
GRP1 immunoreactive band relative to that of the B-actin immu-
noreactive band was determined. Density ratios in all healthy con-
trols and in all SLE patients were 0.87 = 0.05 and 0.64 * 0.24,
respectively, without statistical difference (p = 0.082). However,
some SLE patients had low levels of RasGRP1 protein, thereby
confirming the mRNA data. RasGRP1:B-actin density ratios of
individuals without splice variants were significantly higher than
those of individuals with any splice variants or whose sequence
was not available (0.83 * 0.16 vs 0.59 * 0.21, p = 0.027) (Fig.
4C). Thus, the presence of defective RasGRP! transcripts in SLE
patients generally correlates with the lower levels of normal Ras-
GRP1 protein. Clinical status and information on the sequenced
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RasGRP1 cDNAs are illustrated in Fig. 4D for the individuals
whose T cell lysates and RasGRP1 cDNAs were available.

The ability of CD4* T cells to produce IL-2 after anti-CD3 and
anti-CD28 Ab stimulation was evaluated using a real-time qPCR
approach (Fig. 4E). As previously found by others, the amount of
IL-2 mRNA generally increased >10-fold when the peripheral
blood T cells from our cohort were stimulated ex vivo via their
surface CD3 and CD28 proteins. Although diminished responses
were observed in healthy individual 11, the CD4* T cells isolated
from RasGRP1-defective SLE patient 8 barely increased their lev-
els of IL-2 mRNA (n = 2-3).

Despite the presence of transcripts for splice variants A to M in
SLE patients, we could not detect appreciable amounts of low
m.w. immunoreactive proteins in the T cells of SLE patients using

~our anti-RasGRP1 Abs. The absence of proteins slightly smaller

than normal RasGRP in our patients’ T cells that are recognized by
our anti-RasGRP1 raised the possibility that splice variants A to M
are translated but that many of these newly expressed proteins are
rapidly catabolized by an undefined proteolytic pathway to ensure that
defective isoforms of the signaling protein do not accumulate in the
patient’s lymphocytes. An alternate explanation is that some aberrant
RasGRP!1 transcripts simply are not translated in T cells. To address
those possibilities, we next evaluated what happens when cultured
HEK-293 cells are transfected with expression constructs that en-
code the RasGRP1 splice variants A, B, and D. Because an exog-
enous peptide added at the protein’s C terminus might affect the
targeting and/or metabolism of these three isoforms of RasGRP1
in the transfectants, additional expression constructs were created
to encode recombinant RasGRP! isoforms that lack epitope tags.
We focused on splice variants A, B, and D in this aspect of our
study because these abnormal RasGRPI transcripts are abundant
in SLE patients (Fig. 2). Another reason for selecting splice variant
D, which lacks exon 15, is because defective splicing of exon 15
in the RasGRP4 transcript occurs in the mast cells of the C3H/Hel
mouse (24).

As assessed by semiquantitative RT-PCR gel analysis (Fig. 5A)
and by real-time qPCR analysis (Fig. 5D), all four stable transfec-
tants contained abundant amounts of the transcript that encodes the
relevant RasGRP1 isoform. Due to the loss of exon 11, the RT-
PCR products present in the transfectants that had been induced to
express splice variants A, B, and D were smaller than the RT-PCR
products present in the transfectant that had been induced to ex-
press normal RasGRP1 (Fig. 5A). At the protein level, the positive
control transfectant contained substantial amounts of ~95-kDa
RasGRP1. As expected, the transfectants that had been induced to
express splice variant A produced a slightly smaller immunoreac-
tive product due to loss of the 35-mer pef)tide that links the GEF
domain to the calcium- and phorbol ester/DAG-binding domains.
However, the amount of immunoreactive protein in the latter trans-
fectant was noticeably less than that in the transfectant, which
expressed full-length RasGRP1. Surprisingly, no immunoreactive
RasGRP1-related protein products were detected in the transfec-
tants that had been induced to express splice variants B or D (Fig.
5C), even though their transcripts were abundant (Figs. 5, A and
D). Similar results were obtained when cells were transfected with
constructs that encode V5-labeled proteins (data not shown). Thus,
our failure to the detect splice variants B and D at the protein level
was not due to a technical problem with the anti-RasGRP1 Abs.

To exclude the possibility that the truncated splice variants B
and D were preferentially secreted into the condition medium, we
next placed cultures of these transfectants overnight in medium
supplemented with 2 uM monensin and then performed SDS-
PAGE immunoblot analysis on the resulting cell lysates. Because
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FIGURE 4. RasGRP! protein levels in the T cells from healthy individuals and SLE patients. A~C, Lysates were prepared from the T cells isolated from
five healthy subjects (H1-HS) and from 12 SLE patients (SLE{-SLE!12). SLE patients 1-9 in this figure cormrespond to SLE patients 1-9 in Fig. 1.
Approximately 3 pg of protein from each lysate was subjected to SDS-PAGE. Immunoblotting was performed using anti-RasGRP1 (A) and anti-B-actin
(B) Abs. In each instance, the density of the bands corresponding to full-length RasGRP1 and B-actin were measured, and the ratio (RasGRP1/B-actin) was
compared between healthy controls and SLE patients (C, left) or between individuals without splice variants and with splice variants (C, right). D, The
information presented illustrates the clinical status and sequenced RasGRP1 clones of the patients and healthy controls whose peripheral blood T cells were
available. For the patients highlighted with the dagger symbol (1) there was a substantial period (=6 mo) between the time when the PBMCs for RNA
analysis and the T cells for protein analysis were collected. For patient 9, blood samples for RNA and SDS-PAGE immunoblot analysis of his/her RasGRP1
mRNA and protein were taken on different days within the same month. No RasGRP1 ¢cDNAs were isolated from SLE patients 8 and 9. Thus, the cDNA
information is not applicable (N.A.) to these two patients. BILAG, British Isles Lupus Assessment Group score; CsA, cyclosporine; FL, full length; MZB,
mizoribine. £, CD4* T cells were incubated in the absence (—) or presence (+) of plate-bound anti-CD3 and anti-CD28 Abs for 3.5 h. The amount of IL-2
mRNA in each sample was then quantitated by real-time gPCR. Shown are the relative quantities (RQ) of GAPDH-corrected levels of the IL-2 transcripts.
A nonstimulated sample of a healthy individual without splice variant (Healthy 6) was arbitrary assigned a 2 ~*4<T value of . Error bars indicate SE values'
in this panel.

no immunoreactive protein was detected in the lysates of the mon-
ensin-treated cells (data not shown), our failure to detect splice
varianis B and D inside the transfectants apparently was not due to

exocytosis of these defective RasGRP1 isoforms into the condi-
tioned medium. In support of these data, we could not detect im-
munoreactive RasGRP! isoforms in the conditioned medium of
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FIGURE 5. Expression of recombinant human RasGRP1 in HEK-293
cells. A-C, Constructs coding full-length RasGRP1 and its splice variants
A, B, and D were expressed in HEK-293 cells. The presence of the relevant
RasGRP! transcript was evaluated in the transfectants using a RT-PCR
approach and the exons 10—12 primer set (A). The levels of the GAPDH
transcript in the five populations of cells were also determined (B). Lysates
of the transfectants were obtained and subjected to SDS-PAGE immuno-
blot analysis using anti-RasGRP1 and anti-actin Abs (C). The resulting
protein blot was probed with our anti-RasGRP1 Abs. The arrow in C high-
lights normal ~95 kDa RasGRP1 that contains 797 amino acids. D, A
real-time qQPCR approach also was used to evaluate RasGRP1 mRNA lev-
els in the negative control cells and the four transfectants. Shown are the
GAPDH-corrected levels of the RasGRP! transcripts in the transfectants
that had been induced 1o express splice variants A, B, and D normalized to
that of the positive control transfectant that expresses full-length RasGRP1.
The latter was arbitrary assigned a 2727 value of 1. Error bars indicate
SE values in this panel. RQ, relative quantities. E, Cell-free in vitro tran-
scription:translation assays were performed using vectors that encode
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the non-monensin-treated cells that were expressing the splice B
and D variants. The levels of immunoreactive RasGRPI protein in
the splice D transfectant also did not increase when these cells
were cultured 15 h in the presence of the proteasome inhibitor
MG132 (25 uM) (data not shown). The results obtained from an in
vitro translation assay using rabbit reticulocyte lysate are shown in
Fig. S5E. The normal RasGRP] transcript and its splice variant A
resulted in translated proteins that could be detected with anti-V5
Ab. In contrast, no translated protein was obtained with the splice
variant B and D transcripts. The accumulated data suggest that
defective splice variants B and D cannot be translated in HEK-293
cells.

Discussion

RasGRP1 is an intracellular signaling protein essential for the final
stages of T cell development (11, 20, 27). Along with RasGRP3
(28-30), RasGRP1 also has been implicated in B cell proliferation
and development by facilitating BCR signaling (12). This intra-
cellular GEF functions downstream of the TCR in T cells, down-
stream of the BCR and Lyn in B cells, and upstream of Ras family
members in both cell types. Lyn-null mice develop a SLE-like
disorder (31), and decreased expression of Lyn has been reported
in some SLE patients (32, 33). A Gly— Asp mutation at residue 13
in N-Ras also causes a human autoimmune lymphoproliferative
disorder (34). The accumulated data have led to the conclusion that
dysregulation of numerous intracellular proteins that participate in
BCR- and/or TCR-dependent signaling pathways in lymphocytes
can lead to autoimmune disorders. In regard to our study, loss of
RasGRP1 due to targeted ablation of its gene (8) or defective splic-
ing of exon 4 from its precursor transcript (19) causes a lupus-like
disorder in mice. Despite the impressive mouse data on the role of
RasGRP1 in lymphocyte development and function, no human has
been identified with a defect in RasGRP1 expression. Thus, the
relevance of the mouse RasGRP1 data to SLE patients remained to
be determined. We now describe a subset of SLE patients who
preferentially express defective isoforms of RasGRP1 due to ab-
errant splicing of its precursor transcript.

The 76.7-kb human RasGRPI gene contains 17 exons, and the
proper splicing of its precursor transcript results in an ~5-kb
mRNA of which 2.4 kb represents its coding domain. Because
microarray assays that simply measure RasGRP1 mRNA levels in
a person’s lymphocytes cannot be used to identify improperly
spliced RasGRP! transcripts, we used a RT-PCR approach in the
initial phase of our study to evaluate the global status of the coding
domain of the RasGRPI transcript in the noncloned PBMCs of
healthy individuals, patients with SLE, and patients with other au-
toimmune disorders. The normal full-length RasGRP1 transcript
was abundant in the PBMCs of healthy individuals and our auto-
immune control group (Fig. 1). In contrast, two of these initially
analyzed SLE patients reproducibly had greatly diminished levels
of the normal RasGRP1 transcript in their PBMCs. Additional SLE
patients were identified that contained an unusually high level of
abnormal RasGRP1 transcripts in addition to the normal RasGRP1
transcript. Analysis of our cDNA sequence data resulted in the
identification of 13 new isoforms of human RasGRPI due to ai-
ternate splicing of exons 5-17 in its precursor transcript (Fig. 2).
As noted in Fig. 1A, SLE patients sometimes had RasGRP1-spe-
cific PCR products in their PBMCs that were >2.4 kb in size,
suggesting a failure to remove at least one intron in the processed

V5-1abeled normal RasGRP1 and its defective splice variants A, B, and D.
The resulting products were subjected to immunoblot analysis using anti-
V5 Ab (upper panel). Actin served as loading control (lower panel).
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transcript. Introns 1, 2, and 3 in the human RasGRPI gene are 4.6,
33.6, and 6.7 kb, respectively. Because RasGRPI ¢cDNAs that con-
tain one or more large introns most likely would be missed in our
c¢DNA selection and sequencing approach to identify new isoforms
of RasGRP1, the number of abnormal isoforms of RasGRP! in
SLE patients almost certainly is greater than that noted in Fig. 2.

We failed to identify defective RasGRP1 transcripts that con-
tained introns 1-10 (Fig. 2). Failure to remove any of these introns
in the processed RasGRPI transcript would result in a very early
translation termination codon. Defective transcripts are rapidly de-
graded by the nonsense posttranscriptional pathway in yeast if the
premature translation termination codon resides in the initial half
of the coding domain of the transcript (35), as occurs in the de-
fective RasGRP4 transcript in HMC-1 cells (22). Thus, our failure
to identify -improperly processed RasGRP1 transcripts in our SLE
patients that contain introns 1 to 7 probably is the result of rapid
catabolism of those defective RasGRP1 transcripts by the non-
sense posttranscriptional pathway. ,

The reason why pre-RasGRP1 mRNA is improperly processed
in a subgroup of our SLE patients was not deduced in our study.
Nevertheless, we were able to rule out a number of possibilities.
The most prevalent abnormal variant identified in the PBMCs, T
cells, and B cells of our SLE patients is splice variant A, which
lacks exon | . We failed to identify a point mutation in the gene’s
exon !1 and its intron [0/exon 11 and exon Il/intron 11 splice
junctions in the genomic DNA isolated from SLE patient 10, who
had abundant exon 11-deleted isoforms. In addition, no mutation
was found in the branch-point sequence of the human RasGRP]
gene, which is used to remove intron 10:

Fifteen of the introns (including intron 10) of the mouse, rat, and
human RasGRPI genes are U2-dependent. The exception in this
gene is intron 3, which is Ul2-dependent (for review of Ul2-
dependent introns, see Ref. 36). It has been estimated that only
~0.1% of all introns in the human genome are U12 dependent.
Our analysis of the nucleotide sequences of the human RasGRP2,
RasGRP3, and RasGRP4 genes revealed the unexpected finding
that all four RasGRP genes contained a single Ul2-dependent in-
tron, even though the size of this intron varies considerably. We
previously showed that the RasGRP4 gene is transcribed in
HMC-1 cells but that this mast cell line cannot remove intron 3 in
its processed RasGRP4 transcript (22). Intron 3 is correctly re-
moved from RasGRPI1 splice variants A to M. Nevertheless, it is
possible that some SLE patients have a defect in the processing of
U12-dependent introns in their lymphocytes that adversely impacts
the removal of downstream introns in the precursor RasGRP1 tran-
script. The B cells in PBMCs express both RasGRP1 and Ras-
GRP3. As noted in Fig. 1D, we found no evidence of defective
processing of the RasGRP3 transcript in these SLE patients. It
therefore appears that SLE patients do not have a global defect in
the Ul2-dependent processing of their transcripts and that the
posttranscriptional defect we uncovered in RasGRP1 expres-
sion does not adversely affect the processing of the transcript
that encodes another member of this family of signaling pro-
teins in lymphocytes. We also discovered that the CD4 tran-
script is processed correctly in SLE patients, suggesting that the
posttranslational defect is relatively specific to the RasGRP!
transcript in lymphocytes.

We considered the possibility that the aberrant splicing of the
RasGRP1 precursor transcript in our SLE patients could be an
indirect consequence of long-term PSL therapy. In this regard,
SLE patient 8 had barely detectable levels of normal RasGRP!
_transcripts (Fig. 1) and protein (Fig. 4). Because this patient had
not been on PSL or any other therapeutic drug before his/her PB-
MCs were initially analyzed and because the patient continued to

RasGRPI DYSREGULATION IN SLE PATIENTS

have aberrant RasGRP1 expression after he/she was treated with
prednisolone and cyclophosphamide, the presence of defective
RasGRP1 transcripts does not appear to be the primary conse-
quence of the therapy used to treat our SLE patients. The data
noted in Table II from the entire group of SLE patients support this
conclusion. Nevertheless, SLE patient 3 did alter his/her expres-
sion of RasGRPI after drug treatment to improve his/her clinical
situation. Thus, there remains the possibility that RasGRP1 ex-
pression is affected by disease status or treatment in some SLE
patients.

Unlike the RasGRP3 transcript and nearly all other transcripts in
lymphocytes, the RasGRPl transcript lacks a classical
“AAUAAA” or “AUUAAA” polyadenylation signal sequence
10-30 nucleotides upstream of its poly(A) site. We did not deter-
mine the nucleotide sequences of the 3’ untranslated regions of the
RasGRP! transcripts in our SLE patients or healthy subjects. Nev-
ertheless, it is unlikely that the unconventional polyadenylation
site in the RasGRP1 gene is the problem, because reduced poly-
adenylation of eukaryotic pre-mRNA generally results in rapid ca-
tabolism of the transcript rather than defective splicing. A more
likely explanation of our data is that a point mutation exists some-
where in the RasGRP! gene in this subgroup of SLE patients that
causes its precursor transcript to bind improperly to an undefined
cis-acting factor in lymphocytes that ultimately controls the splic-
ing of this transcript. In this regard, CD45/PTPRC is a tyrosine
phosphatase found in T cells and other hemopoietic cells that has
been linked to multiple sclerosis. Relevant to our study, two
groups identified a polymorphism in exon 4 of the CD45 gene.
This mutation does not result in a codon that encodes a new amino
acid, but it somehow leads to aberrant splicing of the precursor
transcript (37, 38). The latter studies provide a relevant example of
how a translationally silent point mutation in a gene encoding a
protein that participates in critical signaling events in T cells can
lead to an autoimmune disorder.

If translated, all but splice variant M should encode RasGRP1
isoforms with an intact GEF domain. The major problem resides in
the regulatory C-terminal half of the protein. The most promi-
nent abnormal RasGRP1 isoform identified in our SLE patients
was splice variant A, which lacks exon I1. Loss of this exon
does not cause a frame-shift abnormality or a premature trans-
lation termination codon in the processed transcript. Neverthe-

. less, if translated, the resuiting abnormal RasGRP! protein

loses the 35-mer sequence of PLTPSKPPVVVDWASGVSPK
PDPKTISKHVQRMYVD that links the functional GEF domain
to the regulatory DAG/phorbol ester- and calcium-binding do-
mains. This amino acid sequence is present in human, chim-
panzee, rhesus monkey, bovine, rat, and mouse RasGRPI. Be-
cause of its conservation throughout evolution, it is likely that
loss of this 35-mer domain leads to a defective signaling protein
in lymphocytes.

Nine of the other RasGRP1 splice variants identified in our
study have a premature translation termination codon. If translated,
these splice variants would encode truncated nonfunctional Ras-
GRP1 isoforms that have lost as many as 624 of their C-terminal
amino acids. Numerous studies have documented the biologic im-
portance of the C-terminal half of RasGRP! and its family mem-
bers. The most thoroughly studied domain in this portion of Ras-
GRP1 is its DAG/phorbol ester-binding sequence. Activation of T
cells via their TCRs result in the rapid phospholipase yl-depen-
dent generation of DAG. DAG binds to the Cl domain in Ras-
GRPL, thereby promoting translocation of the signaling protein to
the inner leaflet of the cell’s plasma membrane and then to the
Golgi complex and endoplasmic reticulum. A naturally occurring
RasGRP4 splice variant in the mast cells of the C3H/HeJ mouse
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strain resembles the RasGRP1 splice variant L noted in Fig. 2. We
previously showed that this RasGRP4 isoform is unresponsive to
phorbol esters (24). Thus, even if translated, RasGRP] splice vari-
ants C, D, G, H, 1, K, L, and M should result in RasGRP1 isoforms
that are unresponsive to DAG and phorbol esters. Okamura et al.
(39) recently reported that the [27-mer amino acid sequence
downstream of the DAG/phorbol ester-binding C1 domain in Ras-
GRP3 also helps regulate the intracellular movement of this sig-
naling protein inside cells. If the corresponding domain in Ras-
GRP1 has a similar intracellular targeting function, splice variants
B, E, and F also should not be fully functional in SLE patients even
if translated.

We generated RasGRP1-specific Abs to evaluate the conse-
quences of defective RasGRP1 transcripts on the levels of normal
RasGRPI in T cells. After documenting the specificity of these
anti-peptide Abs (Fig. 3), we used an immunoblot approach to
monitor RasGRP! protein levels in the T cells purified from SLE
patients and healthy individuals. In confirmation of the RNA data
noted in Fig. 1, SLE patients 8 and 9 contained very little, if any,
~95-kDa RasGRP1 protein in lysates of their T cells (Fig. 4).
The only surprise was our failure to detect smaller sized pro-
teins in the other SLE patients that would be expected to be
derived from the relatively abundant splice variants A, B, or D.
Based on this observation, we next transfected HEK-293 cells with
expression constructs that encode normal RasGRP1 and its splice
variants A, B, and D (Fig. 5). The appropriate RasGRP1 transcripts
were found in all four transfectants. If anything, the level of the
splice variant B transcript in its transfectant was ~3-fold higher
than the level of the normal RasGRP1 transcript in its transfectant.
Despite the high levels of splice variant B and D mRNA in their
respective transfectants, no recombinant proteins were found in the
lysates of these cells. Although it is possible that RasGRP! spice
variants B and D are metabolized in T cells and HEK-293 cells
differently due to the fact that epithelial cells normally never ex-
press RasGRPI1, our transfection/expression data and cell-free
transcription:translation data suggest that many defective Ras-
GRP1 transcripts are not efficiently translated in T cells by a con-
trol mechanism that remains to be identified. Whatever the mech-
anism, the net result is greatly diminished levels of functional
RasGRP1 protein in the patient’s T cells as noted in SLE patients
8 and 9 (Fig. 4A). Although the functional importance of having
splice variants that encode abnormal isoforms of RasGRPI re-
mains to be determined, the T cells isolated from RasGRP1-de-
fective SLE patient 8 were unable to produce significant amounts
of IL-2 when activated (Fig. 4E). These preliminary data suggest
that some alternatively spliced RasGRP1 isoforms and/or lower
expression levels of RasGRP1 can profoundly alter T cell function.
Considering the importance of RasGRPI in lymphocyte develop-
ment and function in the mouse, our data suggest that dysregula-
tion of RasGRP1 expression is a contributing factor in the devel-
opment of autoimmunity in a subset of SLE patients.
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The Proinflammatory Cytokine Macrophage Migration
Inhibitory Factor Regulates Glucose Metabolism during
Systemic Inflammation’

Toshiya Atsumi,* You-Ree Cho,® Lin Leng,® Courtney McDonald,® Tim Yu,® Cheryl Danton,?
Eun-Gyoung Hong,® Robert A. Mitchell," Christine Metz,* Hirokatsu Niwa,* Jun Takeuchi,*
Shin Onodera,* Tomomi Umino,* Narihito Yoshioka,* Takao Koike,* Jason K. Kim,*

and Richard Bucala®®

Inflammation provokes significant abnormalities in host metabolism that result from the systemic release of cytokines. An early
response of the host is hyperglycemia and resistance to the action of insulin, which progresses over time to increased glucose
uptake in peripheral tissue. Although the cytokine TNF-a« has been shown to exert certain catabolic effects, recent studies suggest
that the metabolic actions of TNF-a occur by the downstream regulation of additional mediators, such as macrophage migration
inhibitory factor (MIF). We investigated the glycemic responses of endotoxemic mice genetically deficient in MIF (MIF~~). In
contrast to wild-type mice, MIF~/~ mice exhibit normal blood glucose and lactate responses following the administration of
endotoxin, or TNF-a. MIF~/~ mice also show markedly increased glucose uptake into white adipose tissue in vivo in the endo-
toxemic state. Treatment of adipocytes with MIF, or anti-MIF mAb, modulates insulin-mediated glucose transport and insulin
receptor signal transduction; these effects include the phosphorylation of insulin receptor substrate-1, its association with the p85
regulatory subunit of PI3K, and the downstream phosphorylation of Akt. Genetic MIF deficiency also promotes adipogenesis,
which is in accord with a downstream role for MIF in the action of TNF-a. These studies support an important role for MIF in

host glucose metabolism during sepsis. The Journal of Immunology, 2007, 179: 5399-5406.

bolic abnormalities that contribute significantly to morbid-

ity and mortality (1, 2). An early response of the host is
hyperglycemia and resistance to the action of insulin. Tissue gly-
colysis continues despite decreased perfusion, and lactate produc-
tion increases because of the incomplete oxidation of glycolytic
end products. These metabolic derangements produce a catabolic
state that compromises host immunity and tissue repair, and if
unresolved, produce cachexia, progressive organ dysfunction, and
death (1).

The development of a catabolic state in the setting of infection
results from a combination of stress-induced hormonal responses
and the production of proinflammatory mediators (1, 2). One pos-
tulated role for the cytokine TNF-a is to effect a redistribution of
energy stores from adipose to peripheral tissue (1, 3). TNF-a has
been shown to induce the synthesis of the allosteric stimulator of
glycolysis, fructose 2,6-bisphosphate, leading to a depletion of
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plasma glucose and an accompanying elevation of glucose uptake
into peripheral tissue. Indeed, TNF-a was cloned as the mediator
“cachectin” because of its systemic effects on host metabolism,
and an accumulation of data support a role for TNF-« in the de-
velopment of insulin resistance (4). TNF-a also mediates insulin
resistance and lipolysis in adipocytes, thus preventing the uptake
and use of circulating glucose into this insulin sensitive tissue.

Studies in endotoxemic mice suggest that certain of the meta-
bolic actions of TNF-a may be mediated by the coordinate or
downstream expression of macrophage migration inhibitory factor
(MIF)? (5). MIF is expressed by many cell types, is released early
in the activation response from preformed intracellular pools (5,
6), and its circulating levels correlate with the clinical severity of
sepsis (7, 8). Notably, the immunoneutralization of MIF in endo-
toxemic mice normalizes glucose levels, prevents liver glycogen
depletion, and decreases levels of fructose 2,6-bisphosphate in
muscle. These effects also were observed in TNF-a~/~ mice
treated with anti-MIF, thus verifying the intrinsic action of MIF
in this inflammation-induced, catabolic response of liver and
muscle (5).

The finding that cultured adipocytes secrete MIF in response to
‘I'NF-a (9) prompted us to investigate more closely MIF’s action in
glucose metabolism in adipocytes during endotexemia. In the
present report, we present evidence that the action of TNF-a on
adipose tissue during the systemic inflammatory response can be
explained in large part by the autocrine/paracrine action of MIF.

3 Abbreviations used in this paper: MIF, macrophage migration inhibitory factor;
IRS-1, insulin receptor substrate 1; MEF, murine embryonic fibroblast; PPAR, per-
oxisome proliferator-activated receptor; 2-[*CJDG, 2-deoxy-v-[1-!*Cglucose; WT,
wild type.

Copyright © 2007 by The American Association of Immunologists, Inc. 0022-176707/52.00
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Materials and Methods
Materials

Neutralizing anti-MIF mAb (NIH-NI1.D9) was previously described (7).
Abs directed against the insulin receptor 8 subunit (C-19), TNFR-1, and
cyclin D1 were obtained from Santa Cruz Biotechnology, and Abs against
Akt and phospho-Akt (Ser*”®) were obtained from Cell Signaling Tech-
nology. Abs directed against phosphotyrosine, insulin receptor substrate 1
(IRS-1), and the p85 regulatory subunit of the PI3K were purchased from
Upstate Biotechnology. Recombinant mouse TNF-a and the mouse TNF-a
ELISA kit were purchased from R&D Systems. MIF was measured by a
murine-specific capture ELISA (7). Recombinant murine MIF was purified
from an Escherichia coli expression system by FPLC and C8 chromatog-
raphy to remove contaminating endotoxin (10), and contained <1 ug of
endotoxin/gram of protein. E. coli LPS O111:B4 was obtained from
Sigma-Aldrich, and troglitazone was a gift from Sankyo Company.

In vivo glucose and lactate metabolism in endotoxemic MIF~"~
and MIF*"* mice

MIF~'~ mice (11) were bred onto a pure BALB/c background (generation
N10). BALB/c mice (wild type (WT), MIF*/*) were obtained from
Charles River Breeding Laboratories. Male mice (age 6—8 wk) were used,
and all mice showed an equivalent increase in body weight with age. At
least 4 days before in vivo experiments, the mice were anesthetized and
surgery was performed to establish an indwelling catheter in the right in-
ternal jugular vein (12). Mice were fasted overnight (18 h) before exper-
iments but had free access to water. At the indicated times, blood was
collected from tail vessels to measure glucose levels. All studies were
approved by the Yale Institutional Animal Care and Use Committee.

Organ-specific glucose metabolism in vivo was determined in awake
mice using a modification of hyperinsulinemic-euglycemic clamp experi-
ments as prev:ously described (12). Briefly, a sublethal dose of LPS (16.6
ug/g) was ip. injected into age-matched MIF*/* and MIF ™/~ mice (n =
7-8 for each group). At 30 min postinjection, a blood sample (40 ul) was
collected for glucose and insulin measurements. This was followed by a
continuous infusion of 3-[*H]glucose (0.1 uCi/min) for 2 h to estimate
whole body glucose tumnover. To determine basal glucose uptake in indi-
vidual organs, 2-deoxy-D-[1-"*C]glucose (2-{**C]JDG, 10 uCi) was i.v. ad-
ministered as a bolus at 2 h postinjection. Blood samples were taken at
S-min intervals during the remaining 30 min for the measurement of
plasma [*Hlglucose and 2-['*C]DG concentrations. At the end of experi-
ments (2.5 h postinjection with LPS), mice were anesthetized with sodium
pentobarbital injection, and tissue samples (gastrocnemius, epididymal
white adipose tissue, and intrascapular brown adipose tissue) were taken
for biochemical analysis.

Biochemical analysis and calculations

Plasma glucose concentration was determined by the glucose oxidase
method using the Beckman Glucose Analyzer 2, and plasma insulin con-
centration was measured by radioimmunoassay (Linco Research). Plasma
concentrations of 3-[*H]glucose and 2-[**C)DG were determined after de-
proteinization of plasma samples as previously described (12). For the
determination of tissue 2-["*C]DG-6-phosphate content, tissue samples
were homogenized and the supematants subjected to ion-exchange chro-
matography to separate 2-[*“C]DG-6-phosphate from 2-[“C]DG.

The rates of basal whole body glucose tumover and hepatic glucose
production were determined as the ratio of the [*H]glucose infusion rate to
the specific activity of plasma glucose during the final 30 min of the ex-
periments. Glucose uptake in individual tissues was calculated from the
plasma 2-[**C]DG profile, which was fitted with a double exponential or
linear curve using mathematical modeling MLAB software (Civilized Soft-
ware) and tissue 2-['*CJDG-6-phosphate content (12).

Immunoblotting studies

Cells were lysed in ice-cold buffer (20 mM Tris-HCl, 137 mM NaCl, | mM
EGTA, 1% Triton X-100, 10% glycerol, 1.5 mM MgCl,, 1 mM sodium
orthovanadate, and 50 mM NaF) that included a protease inhibitor mixture
(Roche), and disrupted by aspiration through a 21-gauge needle. After
incubation on ice for 30 min and microcentrifugation for 10 min, the su-
pemnatants were collected and equal amounts of cellular proteins were frac-
tionated on 10% SDS gels, transferred to polyvinylidine difluoride mem-
branes, and analyzed by Westem blotting.

Immunoprecipitation

Equal amounts of cell lysates were incubated with anti-p85 Ab, and the
samples were mixed by rotation overnight at 4°C. A total of 20 ul of
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FIGURE 1. Glycemic and plasma lactate responses to endotoxemia. A,

Blood glucose (solid line) and lactate (dotted line) levels in MIF~/~ and
WT (MIF*'*) mice after injection of sublethal LPS (16.6 ug/g). 8, Blood
glucose (solid line) and lactate (dotted line) levels in MIF~/~ and MIF*/*
mice after a single ip. injection of TNF-a (160 ug/kg). Results are the
calculated mean glucose level * SD for four mice per time point. *, p <
0.05 for the MIF™/~ vs the MIF*/* mice. For the blood glucose response
in the MIF*/* mice, the 2.5-h and 3-h values differed significantly from the
0.5-h and 1-h values (p < 0.05). For the blood lactate response in the
MIF*'* mice, the 1.5-h and 2-h values differed significantly from the 1-h
and 2.5-h values (p < 0.05). The experiments shown are representative of
three independent studies.

protein A/G coupled-beads were then added for an additional 1 h of mixing
at 4°C, and the pellets were collected by centrifugation and washed twice
with 1 ml of ice-cold lysis. The pellets finally were resuspended in 50 jul
of 2X sample buffer, boiled for 5 min, and analyzed by SDS-PAGE and
Western blotting.

Glucose transport assay

Glucose uptake into cells was measured by an established protocol (13).
Briefly, differentiated 3T3-L1 adipocytes were washed twice with transport
solution (140 nM NaCl, 20 mM HEPES/Na, 5 mM KCl, 2.5 mM MgSO,,
and 1 mM CaCl,) and incubated for 10 min with 0.5 wCi/ml of 2-deoxy-
|H]glucose. The cells then were washed three times and lysed with 50 mM
NaOH. The lysates were collected and radioactivity was measured. Cy-
tochalasin B (10 M) was used for the determination of noncarrier-
mediated deoxyglucose uptake.

Preparation of murine adipocyles

Mouse primary adipocytes were prepared from the epididymal fat pads of
MIF~/~ and MIF*'* mice. Adipose tissue was removed, minced, and di-
gested with 1 mg/ml collagenase in DMEM and 1% fatty acid-free BSA
(14). Cells were filtered through nylon mesh, washed, and incubated over-
night with or without TNF-a.

For differentiation studies, murine embryonic fibroblasts (MEF) from
MIF~/~ and MIF*'* were prepared from day 14.5 embryos (15). The cells
were cultured in DMEM/10% FBS in either 6-well plates or in chamber
slides. Adipocyte differentiation of primary murine fibroblasts was induced
by DMEM/10% FBS with 0.5 mM isobutylmethylxanthine, 1.0 uM dexa-
methasone, and 10 pg/ml insulin for 48 h. The medium then was replaced
with DMEM supplemented with 10% FBS (16). Adipocyte differentiation
in different experiments was induced 48 h after confluence by addition of
the differentiation medium indicated in Resulfs. The differentiation medium
was replaced every 48 h.

Oil red O staining

Cultured cells were washed with PBS and fixed with buffered formalin, and
cytoplasmic lipid accumulation was analyzed by staining with Oil Red O
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